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Introduction
Protonation is one of the simplest chemical processes that produce significant alterations in the molecular properties. The chemical and biological properties of the neutral and protonated species are in many cases dramatically different.
The Quantum Theory of Atoms In Molecules (QTAIM) provides a tool to analyze the electron density of the molecule and define a unique volume for each atom, named as the atomic basin. Integration within the atomic basin allows one to obtain the atomic contribution to the whole molecule. Thus the molecular properties can be divided into atomic contributions. Thus, the important changes due to the protonation of a given molecules can be attributed to changes in the individual atomic properties.
In the present article, the atomic properties (energy, charge and volume) of a series of neutral-and the corresponding protonated-molecules have been calculated by using the QTAIM methodology. A comparison of the changes upon protonation has been carried out.
Methods
The geometries of all the systems have been optimized at the B3LYP/6-31G* computational level 1,2 within the Gaussian-98 package. 3 Their minimum nature has been confirmed by frequency calculation at the same computational level. The energies have been corrected with the unscaled Zero Point Energy (ZPE) values. The systems selected have been chosen based on their simplicity and the importance of the corresponding chemical group in organic chemistry.
The electron density has been analyzed by using the QTAIM methodology 4 with the Aimpac set of programs. 5 In all cases the PROAIM algorithm has been used for the atomic integration.
The QTAIM provides a topological analysis of the electron density that allows to characterize unique atomic regions, atomic basins. The integration within those regions provides atomic properties, such as charge and energy. The sum of the atomic properties within a given molecule should be equal to that obtained for the whole molecule. As a measure of the quality of the numerical integration, three parameters can be considered: two corresponding to molecular parameters are defined as the differences between the total charge and energy for each system obtained in the quantum calculation, and as a sum of the atomic contributions. The third parameter corresponds to the values of the integrated Laplacian in each atomic basin. Ideally all these three parameter should be close to zero.
Results and Discussion
The systems considered are shown in Figure 1 , with the numbering used in the present article. In two cases [(CH 3 )HCOH + and (CH 3 )HCNH] two possible isomers for the same structure can be considered. In both cases, the one with the hydrogen atom attached to the heteroatom in the position trans-to the methyl group is the more stable one, by 1.8 and 1.3 kJ/mol, respectively. In these cases, only the most stable structure has been considered. The calculated and experimental proton affinities of the systems considered are gathered in Table 1 . The largest deviations correspond to the imine derivatives studied here (20 to 33 kJ/mol), while in the rest of the cases the absolute value of the deviations are smaller than 15 kJ/mol. These results can be considered as acceptable, taking into account the computational level used and the fact that the main purpose of this article is the study of the electron density of the neutral and protonated species. The three parameters used to measure the fitness of the atomic partition for all the systems considered are given in Table 2 . The error found in the energetic partition is very good, since in only two cases is it larger that 1 kJ/mol, and the average is only 0.33 kJ/mol. The maximum charge-deviation is 0.003 e with an average of 0.0006 e. The integrated Laplacian is only larger than 1 E-03 in five cases. In general, the errors indicate that the partition nicely represents the molecular properties with minimum deviations with respect to the whole molecule. In any case, it is significant that the largest errors in the three parameters are found in the same compound. The representation of the error in energy value vs the charge error or maximum value of the Laplacian ( Figure 2 ) clearly shows that the three parameters provide similar information on the fitness of the atomic integration, as if the quantification of only one of them is enough to measure the quality of the partition. The integrated atomic properties are collected in Tables 3, 4 and 6. For simplicity, the values for the hydrogen atoms of the methyl groups and other analogous groups have been averaged, and in the symmetric cases only one atom has been listed (a full list of these properties can be obtained from the authors on request).
The energetic gain due to protonation is redistributed along the molecular structure in a nonuniform way (Table 3 ). The proton atom, which in isolation shows zero electronic energy, can contribute up to 1151 kJ/mol to the total molecular energy in the case of trimethylamine. The heteroatom being protonated is stabilized in all the cases, with the exception of the oxygen atom of the dimethyl ether molecule [(CH 3 ) 2 O]. This stabilization decreases with the number of methyl groups present in the molecule. In all the families, the stabilization energy of the protonated atoms shows a correlation with the number of methyl groups attached to them (Fig.  3) .
For the methyl groups, the carbon atoms are stabilized while the hydrogens are destabilized. The overall results are a stabilization of the methyl group in the dimethyl ether and methanol while a destabilization is observed in the other cases. The calculated charges and the variations due to the protonation are shown in Table 4 . The calculated charge on the proton added to the molecules varies between +0.70e for protonated water to +0.45e for the ammonium cation. The remaining charge up to +1.0e should be distributed in the rest of the molecule. The protonation on the oxygen atom produces a reduction in the electron density of this atom in both dimethyl ether and the carbonyl derivatives studied here, while the opposite is found for the nitrogen compounds, where a gain is observed. Increasing methyl substitution produces a reduction of the charge variation on the protonated heteroatom with respect to the unsubstituted derivatives, with the exception of the imine compounds (Figure 4) . For methyl groups, there is an overall loss of electronic density, although in some cases the carbon atoms show an increase of density, as the loss by hydrogen atoms compensates the overall molecular density. The total volumes of the neutral and protonated species are listed in Table 5 . The protonation of the molecules produces a deficiency of the electron density that compresses it towards the atomic nucleus with the corresponding reduction of the molecular volume. This variation ranges between 13.8 a.u in the water molecule to 34.2 a.u. in the trimethylamine case. The percentage reduction in the molecular volume shows a clear relationship with the Proton Affinity of the systems (Fig. 5) . As the proton affinity of the systems becomes larger, the variation of the volume is smaller, as if this parameter indicates the effort of the system to accommodate to the new charged atom. Additionally, the systems can be classified according to this relationship as a function of the protonated atom (nitrogen or oxygen).
Regarding the variation of the atomic volume upon protonation (Table 6 ), a reduction of the volume is observed in all the atoms, except for the carbon atom of the methyl group, where a small increment is observed. Overall, the volume of the methyl group is reduced. Individually, the largest volume-reduction corresponds to the oxygen-or nitrogen atom which is protonated, up to 19.9 a.u. for the case of ammonia. The transferability of group properties within the QTAIM methodology has been studied previously for the case of terminal substituted alkanes. 7, 8 In the present article, the variation of the properties of the methyl group has been calculated for the neutral and protonated systems considered here (Table 7) . The variation observed in all the parameters is very large, the maximum differences between the two extremes in the neutral cases being 921 kJ/mol, 0.49 e, and 7.6 a.u. If the neutral and protonated cases are considered together the range of values obtained for the charge and volume is even larger. The effect is minimized when families of chemical compounds are considered independently, but in the neutral amines the energy difference is still up to 82 kJ/mol (between methylamine and trimethylamine). 
Conclusions
A theoretical study by QTAIM of the electron density properties of a series of neutral and protonated systems has been carried out. The effect of protonation on the systems is to produce an increase in the total molecular energy, which generates an increase in the atomic energy of the protonated heteroatom. This effect has been shown to reduce with an increasing number of methyl groups present in the molecule. The charge redistribution produces an increase of the charge on the protonated atom for the case of oxygen, while the opposite is observed when nitrogen is protonated. The carbon atoms of the methyl groups became more negatively charged, but the overall result for the methyl group is an increase of the charge.
The molecular volume is reduced upon protonation of the system, and this reduction is proportional to the proton affinity of the system. At the atomic level, only the carbon atoms of the methyl groups increase in volume.
The results obtained for the methyl groups within the systems studied have been compared, showing large differences in their parameters, depending on the group that is attached.
